The field performance of dry process Crumb Rubber Modified (CRM) asphalt mixtures has been reported to be inconsistent with stripping and premature cracking on the surfacing. One of the concerns is that, as achieving field compaction of CRM material is difficult because of the inherent resilient nature of the rubber particle, non-uniform field compaction may lead to deficient bond between rubber and bitumen. To assess the influence of compaction, a series of CRM and control mixtures were produced and were compacted at two levels; 4% (low, optimum laboratory compaction), and 8% (high, field experience) air void content. The long-term durability, in terms of moisture susceptibility of the mixtures was assessed by conducting repeated moisture conditioning cycles. The mechanical properties (stiffness, fatigue, and resistance to permanent deformation) were determined in the Nottingham Asphalt Tester (NAT). The results indicated that compared to conventional mixtures, the CRM mixtures, irrespective of compaction effort, are more susceptible to moisture with the degree of susceptibility primarily depending on the amount of rubber in the mixture, rather than the difference in compaction. This behaviour is different to conventional mixtures where, as expected, poorly compacted mixtures were found to be more susceptible to moisture than well compacted mixtures.
INTRODUCTION
Scrap tyres form a major part of the world's solid waste management problem. Each year the UK alone produces around 30 million waste tyres with 1 billion being produced globally. Almost half of them are landfilled or stockpiled with the rest being recycled, exported, and disposed of illegally. Since 2006, the EU's Landfill Directive has barred disposal of most tyres as a landfill material. As a result, if alternatives to landfill disposal are not found, disposal costs will increase and illegal dumping or inadequate storage will continue to worsen. The fire risk associated with illegal dumps has the potential to cause significant environmental harm. In addition, road traffic is predicted to increase by 17% in the UK alone between and 2010 (DETR 2000 and, consequently, the number of post-consumer tyres arising in UK is likely to increase.
Within the expanding recycling market, only two applications, to date, have shown the potential to use a significant number of scrap tyres, (i) fuel for combustion and (ii) crumb rubber modified (CRM) material for asphalt paving. Although combustion can consume millions of tyres, it is not considered as an ideal environmental solution. This leaves the use of crumb rubber in CRM asphalt mixtures as the only remaining potential market. Over the last two decades, the use of crumb rubber in asphalt paving has gained popularity due to the improved mechanical and functional performance of CRM asphalt mixtures as well as the proficient way of dealing with this waste product (Epps, 1994) .
CRM asphalt paving products can be made by several techniques, including a wet process and a dry process. In the wet process, CRM binders are produced when finely ground crumb rubber (0.075 to 1.2mm) is mixed with bitumen at elevated temperatures prior to mixing with the aggregate. Binder modification of this type is due to physical and compositional changes in an interaction process where the rubber particles swell in the bitumen by absorbing a percentage of the lighter fraction of the bitumen, to form a viscous gel. In the dry process, granulated or ground rubber and/or crumb rubber (0.4 to 10mm) is used as a substitute for a small portion of the fine aggregate (typically 1-3 percent by mass of the total aggregate in the mixture). The rubber particles are blended with the aggregate prior to the addition of the bitumen.
Considerable research into the wet process and the production of CRM binders has been undertaken over the last thirty years. The wet process has the advantage that the binder properties are better controlled although it needs special equipment to blend bitumen and rubber. On the other hand, the dry process is a far less popular method due to increased costs for specially graded aggregate to incorporate the reclaimed tyre crumb, construction difficulties and most importantly poor reproducibility and premature failures in terms of cracking and ravelling of the asphalt road surfacing (Emery, 1995 , Choubane et al., 1999 , Harmelink, 1999 , Amirkhanian, 2000 , Fager, 2001 , Hunt, 2002 . However, the dry process has the potential to consume larger quantities of recycled crumb rubber compared to the wet process resulting in greater environmental benefits. In addition, the production of CRM asphalt mixture by means of the dry process is logistically easier than the wet process and, therefore, the dry process is potentially available to a much larger market.
Research into the dry process is limited. The main assumption with the dry process is that rubber crumb is solely part of the aggregate and the reaction between bitumen and crumb rubber is negligible. Research has showed that in the dry process, rubber crumb swells and reacts with bitumen at elevated temperatures and has an effect on the performance of the bitumen and, therefore, the asphalt mixture (Singleton, 2000 , Airey et al., 2003 . In addition, field trials have shown that the performance of dry process CRM material used as a surface layer to be inconsistent with service life varying from two to twenty years. Several reasons are reported for this variability, such as uncontrollable crumb rubber sources, poor workmanship, the flexible nature of the rubber particles, the adhesion with bitumen, and the reaction described above. Tyre properties change with age and vary from manufacturer to manufacturer and this variability of scrap tyre source makes it even more difficult to control the consistency of the properties of the crumb rubber and consequently the properties of the mixture. Some of the above-mentioned problems could be mitigated by using CRM material as a flexible binder course layer where the direct impact of load is less compared to a surfacing layer. Consequently, in this study, CRM mixtures were designed to modify a typical UK dense graded binder course material.
One of the primary concerns regarding the performance of the dry process is that achieving field compaction of CRM material is difficult because of the inherent resilient nature of the rubber particles, which may lead to non-uniform compaction and poor bond between rubber and bitumen. This paper investigates the effect of different degrees of compaction on the moisture susceptibility of the CRM mixtures and whether the variability in compaction or the influence of rubber content in the mixture is the dominant factor. In addition, the investigation also looked at whether the influence of rubber-bitumen interaction due to short-term ageing in the loose state has any significantly effect on achieving target compaction and whether the mixture becomes more susceptible to moisture because of this initial interaction. Various mechanical properties, such as stiffness, fatigue, and resistance to permanent deformation, were determined on a range of laboratory prepared specimens. The mechanical properties were determined after different degrees of moisture conditioning on a range of CRM mixtures compacted to achieve 4% (to simulate optimum compaction in the laboratory) and 8% target air void contents (to simulate field experience). The results were compared with the similar mixtures tested in their unconditioned state (Airey et al., 2003) and also with control mixtures without any rubber content.
DURABILITY OF DRY PROCESS CRM ASPHALT MIXTURES
The durability of asphalt mixtures is defined as their ability to resist damage caused by environmental factors (including water, temperature and fuel) in the context of a given amount of traffic for a long period of time without any significant deterioration. Many factors affect the durability of asphalt mixtures but it is generally agreed that the two primary factors are embrittlement of the bitumen through age hardening and damage due to moisture (Scholz and Brown, 1994) . Water damage is normally manifested in the loss of adhesion between the aggregate and the bitumen commonly referred to as stripping and/or loss of strength or stiffness of the mixture. Long-term ageing (hardening) is primarily associated with the loss of volatile components and progressive oxidation of the bitumen during in-place service in the field. Ageing causes an increase in viscosity of the bitumen and a consequential stiffening of the mixture, which results in an increase in elastic modulus and embrittlement of the asphalt mixture. Although the increase of elastic modulus can improve the load distribution capacity and permanent deformation resistance by producing a stiffer material, the increase in brittleness as a result of excessive hardening often leads to pavement cracking and loss of durability in terms of water resistance and moisture susceptibility (Vallerga, 1981, Li and Nazarian, 1995) . Both ageing and water damage mechanisms result in a reduction of the structural integrity of the mixture and can lead to early asphalt pavement failure.
The influence of both short-term (maximum six hours at 160 0 C in the loose state to simulate the production to laying period) and long-term (five days at 85 0 C of compacted specimens to simulate approximately 10 years in-service condition) ageing on CRM asphalt mixture performance was investigated by Rahman et al. (2006) . The results demonstrated that the influence of short-term ageing on the mechanical properties of highly compacted (4% target air voids) is far greater compared to long-term ageing. In addition, the results also indicated that, irrespective of rubber content in the mixtures, the load spreading ability (stiffness modulus) increased in all mixtures following both short-term and long-term ageing. The two-performance indicators, fatigue and resistance to permanent deformation, marginally improved following short-term ageing of the loss mixtures, but generally deteriorated after long-term ageing of the compacted CRM specimens. Rahman et al. (2004) also studied the moisture susceptibility of CRM asphalt mixtures and found that highly compacted CRM asphalt mixtures (4% target air voids) are more susceptible to moisture than conventional mixtures irrespective of rubber content, with significant reduction in stiffness especially for mixtures with 5% rubber content. However, analysis of the fatigue test data indicated that despite significant reduction in stiffness, CRM mixtures still maintain better fatigue life compared to conventional asphalt mixtures, although resistance to permanent deformation at 60 0 C was found to be marginally inferior.
MIXTURE DESIGN
Historically, depending on type and application, dry process CRM asphalt mixtures are manufactured by adding rubber particles at 1% to 3% by mass of total mixture with sizes up to 6.3mm being used (Heitzman, 1992 , Epps, 1994 . However, in this investigation, the design of CRM mixtures consisted of replacing 3% and 5% of the aggregate fraction with granulated crumb rubber between 2 and 8mm in size. For practical purposes, the crumb rubber was grouped into two single size fractions; passing 6.3mm and retained on 3.35mm, and passing 3.35mm and retained on 0.3mm, and added to the Dense Bitumen Macadam (DBM) mixture gradation by substituting for similar sizes of aggregate fraction. As the majority of the granulated crumb rubber was less than 3.35mm, the two fractions were not replaced in equal amounts but consisting of 20% (< 6.3mm & > 3.35mm) and 80% (< 3.35mm & > 0.3mm). A 100/150 penetration grade bitumen, as specified in BS EN 12591, was used to produce the CRM asphalt mixtures at a binder content of 5.25% by mass of total mixture.
The design curve of the continuously graded 20mm maximum aggregate size DBM mixture, as specified in BS 4987-1:2001 (specified as AC 20 dense bin 100/150 in EN 13108), was adjusted to incorporate 3% and 5% of 2 to 8mm crumb rubber. The dense, continuously graded asphalt mixture was chosen to meet the UK design specification for binder course layers. Figure 1 shows the grading envelopes of the mixture and the design gradings that were used in the study.
It is important to note that, as the density of the rubber particles are lower than the aggregate and the CRM asphalt mixtures were initially batched gravimetrically, the volumetric gradations for the control and CRM mixtures will differ. The final gravimetric grading were therefore converted to volumetric gradings to check that they were still within the grading envelope of the 20mm DBM asphalt mixture.
A range of control (no rubber) and CRM mixtures were produced with the following variables: -Crumb rubber content by mass of total aggregate: 0%, 3% and 5%, -Short-term age conditioning: 0, 2 and 6 hours storage in an oven at 155°C, -Compaction effort (air void content): 4% voids to simulate optimum compaction in the laboratory and 8% voids to simulate field condition. -Number of specimens in each combination : 12
Sixteen combinations were produced with the control mixtures being produced at two short-term age conditions (0 and 6 hours) whereas three short-term conditions (0, 2 and 6 hours) were used for the production of the CRM mixtures as greater bitumen modification was expected through rubber-bitumen interaction. All specimens were produced by means of gyratory compaction with the following compaction parameters: The different materials were coded as follows; crumb rubber content as R0, R3 and R5, short-term conditioning as C0, C2 and C6, and air void content (compaction effort) as L for low air void content of 4% and H for high air void content of 8%. For example, R3C6H refers to the CRM asphalt mixture with 3% rubber content by mass, short-term conditioned for 6 hours with an air voids content of 8%. The photographs of some of the specimens are shown in Figure 2 .
EXPERIMENTAL PROGRAMME

Mechanical Properties
The mechanical properties were evaluated using the Nottingham Asphalt Tester (NAT) suite of tests. The overall testing programme is shown in Figure 3 . The results were interpreted in terms of initial tensile strain versus number of load repetitions to produce 9mm vertical deformation. The tensile strain was calculated as:
where; σ x max is the maximum horizontal tensile stress at the centre of the specimen (kPa), ε xmax is the maximum initial horizontal tensile strain at the centre (µε), and S mix is the indirect tensile stiffness modulus (MPa)
Confined Repeated Load Axial Test (CRLAT):
The CRLAT is a modified version of the Repeated Load Axial (RLA) test as specified in DD 226: 1996 (Nunn et al., 1999 . The main advantage of using the CRLAT over the RLAT is that the CRLAT includes the influence of aggregate gradation, size and shape in permanent deformation as well as the influence of different binders (Oliver et al, 1996) . In addition, different studies (LCPC, 1996 , Ulmgren, 1996 , Ulmgren et al., 1998 , Nunn et al., 1999 have shown that the CRLAT discriminates better between different aggregate gradations over a broad range of asphalt mixtures (porous asphalt, gussasphalt and asphalt concrete).
The tests were conducted using the following test parameters: -Test temperature: 60°C, -Test duration: 7200 seconds (3600 cycles) with a load pattern 1 second loading on (load application period) followed by one second off (rest period), -Axial stress: 100 kPa, -Confining pressure: 70 kPa, and -Conditioning stress: 10 kPa for 600 seconds All test specimens were subjected to 2 hours conditioning at the test temperature prior to testing. The results were analysed for each individual mixture subjected to moisture conditioning and were compared with corresponding unconditioned test results. It is important to note that slight expansion was observed during the two hours high temperature (60 0 C) conditioning prior to permanent deformation testing. As there is no established parameter to use in assessing the response of CRM mixtures in the CRLA test, a comparison of the results was made, using the mean strain rate and total strain as reported by Brown et al. (1995) and Gibb (1996) for asphalt mixtures.
Following the ITSM testing on all specimens, half of the C0 and C6 mixtures were subjected to various moisture conditioning cycles and then seven of them were tested for fatigue using the ITFT and five for permanent deformation using the CRLAT. The R3C2 and R5C2 specimens were not included in the ITFT and CRLAT testing programme as initial trails highlighted that the difference in performance between C0 and C2 mixtures was insignificant.
Water Sensitivity Testing Protocol
Numerous test methods are available to investigate the moistures damage mechanisms of asphalt mixtures, although their success at predicting field performance is variable (Scholz and Brown, 1994 , Lottman, 1982 , Tunnicliff and Root, 1984 , Terrel and Al-Swailmi, 1994 . However, it is generally agreed that moisture can reduce the integrity of the asphalt mixture in two ways (Mostafa et al., 2003 , Kennedy, 1985 , namely; a) failure of the adhesion between the mineral aggregate particles and bitumen films commonly referred to as stripping and b) reduction of the cohesive strength and stiffness of the asphalt mixture.
The procedure for moisture sensitivity testing, which was followed in this investigation, was based on the Link Bitutest testing protocol (Scholz, 1995) for asphalt mixtures. The test method involves determining the ratio of conditioned to unconditioned ITSM values as measured with the NAT. A brief testing procedure is described below:
• The pre-conditioning consists of saturation under a partial vacuum of 510mm Hg at 20 0 C for 30 minutes.
• Percentage saturation is calculated using the following formula:
Where; S is the percent saturation, M d is the mass of dry specimen (g), M w is the mass of wet specimen (g), G mb is the bulk specific gravity and G mm is the maximum specific gravity.
• The samples are then transferred to a preheated water bath at 60 0 C under atmospheric pressure for 6 hours and moved to another water bath at atmospheric pressure at 5 0 C for 16 hours. The samples are finally conditioned under water at 20 0 C (atmospheric pressure) for 2 hours prior to stiffness testing.
• Determine stiffness ratio as follows:
• Above steps are repeated for subsequent cycles.
It is important to note that the test method used in this study to predict the water sensitivity of asphalt mixtures is highly empirical (Scholz, 1995) ; as a consequence, it falls short of accurately predicting field performance. After each conditioning cycle, the specimens were allowed to dry for a further 2 hours at 20 0 C in a conditioning chamber prior to ITSM testing and the same procedure was followed for the subsequent cycles. The number of moisture conditioning cycles was limited to three for control mixtures and due to significant stiffness reduction, two for the CRM mixtures. A photograph of the R5C6L specimen subjected to two moisture-conditioning cycles is presented in Figure 4 .
As shown in the figure, it was observed that during partial vacuum conditioning, some rubber particles on the surface were displaced. This was felt not to have a major significance on the moisture conditioning results. However, during six hours moisture conditioning at 60 0 C, CRM specimens did expand in the vertical direction by approximately 3 to 4 mm and consequently, they appeared to be relatively fragile with extensive cracking especially in the mixtures with 5% rubber content.
RESULTS
Saturation
The percentage saturation versus voids contents for the control and CRM mixtures are presented in Figure 5 . In general, the percentage saturation increases with increasing rubber and void content in the mixtures. In addition, it was observed that rubber particles generally plucked out from the surface of the specimen which formed paths for water to enter into the mixture matrix, consequently increasing the percentage of saturation during partial vacuum water conditioning. The results indicate that the propensity of moisture induced damage for poorly compacted rubbermodified and control mixtures are higher than for the highly compacted control and CRM asphalt mixtures. Table 1 presents a summary of the ITSM values of all the high and low compaction asphalt mixtures including the average, maximum, minimum, standard deviation and calculated percentage saturation. The results show that there are considerable variations between minimum and maximum stiffness in both the control and CRM mixtures. The average stiffness values presented in Table 1 were used to calculate the stiffness ratio (ratio of moisture conditioned stiffness to unconditioned stiffness) to investigate the effect of moisture conditioning on the load bearing capacity (stiffness modulus) of the control and CRM asphalt mixtures. The results are then converted to the percentage of stiffness modulus change compared to the unconditioned stiffness at each cycle and presented in Figure 6 .
Stiffness modulus
As the CRM mixtures were produced with an extra compaction effort to achieve target density, the rebound effect of rubber particles is greater in the 5% CRM mixtures due to the extra rubber content. However, based on the test results it appears that the issue of under compaction (high air void content) is less significant for the CRM mixtures than was found for the control mixtures. In addition, the issue of short-term ageing does not appear to have any added benefit or any adverse effect on the stiffness of the CRM mixtures after moisture conditioning as both C0 and C6 mixtures showed a reduction in stiffness.
It can be seen that in the higher void content control mixture there is a fairly uniform reduction of stiffness up to 13% following three moisture-conditioning cycles. This is probably the direct consequence of intrusion of water into the void space as more saturation was observed during partial vacuum conditioning. For the highly compacted control mixtures, increased stiffness up to 30% indicates that the mixtures had not been subjected to enough conditioning cycles to induce noticeable moisture damage. On the other hand, irrespective of short-term age conditioning and compaction effort, both the CRM mixtures show a reduction of stiffness with the 3% CRM mixture being significantly lower than the 5% CRM mixtures. After two-moisture conditioning cycles, the reduction of stiffness for the highly compacted 3% CRM mixtures is in the range of 26% to 31% against 14% to 23% for the poorly compacted mixtures. Compared to the 3% CRM mixtures, the reduction of stiffness was considerably higher in the corresponding R5 mixtures in both void conditions indicating that increasing rubber content in the mixture would lead to a more moisture susceptible material.
Fatigue Performance
The regression lines in terms of initial strain and number of cycles to failure together with coefficients of correlation for all mixtures are presented in Tables 2 and 3 . With the exception of mixtures MR5C6L and MR5C6H, the fatigue and strain equations have all been established with a fairly high degree of confidence. The difficulty of obtaining consistent results in the ITSM test after two moisture conditioning cycles may have contributed to the scatter in initial strain calculations, and consequently the lower correlation.
The results show that, in general, at both high and low stress levels the number of cycles to failure is considerably reduced in moisture conditioned mixtures than in their unconditioned state. Although the fatigue lives for the highly compacted and short-term aged control mixture are slightly improved following moisture conditioning, the overall reduction of fatigue lives is significantly higher in all mixtures especially for the R5 mixtures. In addition, irrespective of compaction effort and short-term ageing, fatigue lives for all CRM mixtures are generally poorer than their unconditioned state results. In addition to that, the predicted strain is considerably higher in the moisture conditioned CRM mixtures compared to control mixtures. In terms of predicted fatigue life, with the exception of MR0C0L, all the other control mixtures showed relatively similar fatigue performance compared to their unconditioned state. In contrast, five out of eight CRM mixtures showed significant reduction of fatigue life indicating that moisture in general has an adverse effect on the fatigue performance.
Although predicted strain is generally higher in less compacted control mixtures, their relative fatigue performance appears to deteriorate in a similar manner after moisture conditioning. This is despite the increased stiffness modulus following moisture conditioning in the highly compacted control mixtures. On the other hand, the effect of moisture conditioning appears to be similar in both void contents CRM mixtures. However, the reduction of performance is predominantly due to the increased rubber content and variable stiffness of the mixtures rather than the compaction effort.
Permanent Deformation
The differences in material ranking by means of the two permanent deformation test parameters, total strain and strain rate/cycle, can be attributed to the sensitivity of the total strain parameter to any initial slack in the test apparatus due to the rough top surface of the CRM mixtures (Figure 4) as well as the fundamental differences in what each parameter is measured. For total strain, any delayed elastic response that cannot be recovered during the one-second recovery period will be added to the final strain measurement, while the strain rate parameter is a more direct measurement of the viscous response (permanent strain) of the material. For the highly elastic (rubberised) and less stiff CRM mixtures, the proportion and actual strain magnitude of the delayed elastic component will inevitably be relatively high resulting in an increase in total strain. For this reason, the strain rate parameter can be considered to be a more reliable and accurate means of assessing the permanent deformation performance of the dry process CRM asphalt mixtures. The total strain (%) and average strain rate (microstrain/cycle) between 1500 and 3000 cycles are presented in Table 4 . It should be reported that some specimens from the 5% CRM mixtures became very fragile following moisture conditioning that resulted in specimen failure under loading and these results were, therefore, omitted from the comparison.
The results show that compared to the unconditioned state, the resistance to permanent deformation for the continuously graded DBM control mixtures decreases due to the reduction of mixture's cohesion after moisture ageing. Relative to the control mixtures, the replacement of part of the aggregate fractions with crumb rubber results in an increase in permanent strain in both the unaged and moisture conditioned states. In terms of strain rate, relative to control mixture, the resistance to permanent deformation is significantly decreased in CRM mixtures due to moisture conditioning. The increase in strain rate is significantly higher for the R5 mixture than the R3 mixture indicating that the mixture with 5% crumb rubber content is more susceptible to moistureinduced damage, therefore, potentially less durable in service.
In addition, although the decrease is slightly lower with increasing voids contents (decreased compaction) in the control mixtures, in general, the effect of moisture conditioning seems to have a similar effect for higher and lower voids content CRM mixtures. Therefore, it can be concluded that although resistance to permanent deformation decreased considerably for the control mixtures as a result of increasing void content (decreased compaction) the relative effect of compaction is considerably lower on the CRM asphalt mixtures.
CONCLUSIONS
The following conclusions can be drawn from this study:
• Visual inspection showed that plucking of rubber particles from the CRM specimen after moisture conditioning was predominant especially in mixtures with 5% rubber contents.
• In terms of load bearing capacity (stiffness modulus), CRM mixtures were found more susceptible to moisture induced damage compared to conventional DBM mixtures. The reduction in stiffness was approximately 30% for mixtures with 3% crumb rubber and as high as 70% for 5% CRM mixtures after only one moisture conditioning cycle. Similar conclusions were drawn from previous laboratory based studies that asphalt rubber mixtures might be more moisture sensitive than conventional dense graded mixtures (Satnawi et al., 1995) .
• The influence of short-term oven ageing and compaction effort was found to be less significant in both CRM mixtures, as changes in stiffness are mostly dominated by the rubber content of the mixture.
• The fatigue results indicated that moisture conditioning adversely affected the performance of the CRM mixtures with reductions in fatigue life compared to the corresponding unconditioned state. The reductions in overall fatigue performance of the CRM mixtures subjected to moisture conditioning were mainly due to the reduction in stiffness and extensive cracking. In general, the compaction effort did not appear to have any more significance on the CRM mixtures than it had on the control asphalt mixtures.
• The resistance to permanent deformation of the control and CRM mixtures showed that both mean and total strain were not suitable for CRM mixtures because of the rough top surface, highly elastic nature of the rubber particles and low stiffness of CRM mixtures causing initial densification. Consequently, strain rate was used as it provides a more accurate way to assess the viscous response (permanent deformation) of the asphalt mixtures in the steady state portion of the deformation curve. Significant reductions in permanent deformation resistance were observed for all CRM mixtures following moisture conditioning and long-term ageing. The effect of rubber content was found to be the dominant factor in the permanent deformation resistance, where an increase in rubber content in the mixtures reduced the overall rutting resistance. In addition, short-term ageing and compaction effort had more influence on the rutting performance of control mixtures, whereas, no significant difference was observed in both high and low void content CRM asphalt mixtures. 
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